Background: While high body weight and low levels of physical activity are established risk factors for type 2 diabetes, the associations between these risk factors and blood glucose levels in adults without diabetes are not well understood. We evaluated these associations in a cohort of adults studied over twelve years in a population-based sample.
Introduction
Obesity is amongst the most prevalent non-communicable diseases in Australia [1] and world-wide [2] . A body mass index (BMI) 25-30 (overweight) or > 30 (obese) is a risk factor for the development of Type 2 Diabetes (T2D) [3, 4] , which is another of the most prevalent non-communicable diseases in Australia [5] and world-wide [3] . Chronically high blood glucose and T2D can contribute to fat deposition via mechanisms such as dehydration, lean body mass loss, and side-effects of insulin therapy [6, 7] . A lack of physical activity is a major risk factor for both obesity and T2D [8] . In 2012, approximately half of Australian adults fall short of World Health Organisation guidelines [9] .
Physical activity prevents weight gain and promotes weight maintenance [10] [11] [12] via several pathways, including increased net energy expenditure and
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improved glycaemic regulation in normal weight through to obesity [13] [14] [15] . Poor glycaemic regulation, manifest in chronically high blood glucose levels, is a fundamental characteristic of T2D [16] . Another characteristic of T2D is weight gain arising from physiological and hormonal consequences of chronically high blood glucose, such as insulin insensitivity [17, 18] . There is growing recognition that blood glucose can impact health at pre-clinical levels, not just in T2D [19] [20] [21] [22] . The possibility that blood glucose itself is associated with body weight and weight gain, particularly at pre-clinical levels, has implications for how public health and prevention strategies target blood glucose management.
The interplay between blood glucose across the full range, physical activity at levels present in a general population, and the full range of body weights is unclear. This is in part because the literature tends to focus on clinical groups, such as the obese, and interventions, where participants behaviour is manipulated (e.g. they engage in unusually high levels of physical activity). Understanding these factors in a general population is particularly important in middle-age (40-60 years) where incidence of both T2D and obesity peaks [23] [24] [25] , and amount of physical activity declines [10, 26] . This study will explore the association between BMI, fasting blood glucose and physical activity in a large population sample of community-living middle-aged and elderly adults followed longitudinally over twelve years.
Materials and Methods

Study population
The PATH Through Life project is a longitudinal study of ageing in the Canberra and Queanbeyan region beginning in 2001, collecting data at four year intervals across four waves of data collection (follow-up in 2013, to date) [27] . This study sampled participants from the two older cohorts (aged 40-44 and 60-64 at baseline) who provided blood glucose measures (see supplementary materials for details on sample section), resulting in a final sample of 716 (40s n = 349, 60s n = 367). All participants provided written informed consent. This study was approved by the Australian National University Human Research Ethics Committee.
Measures
Blood glucose was available on three occasions: waves 2, 3, and 4 for the 40s cohort, and waves 1, 2, and 4 for the 60s cohort. BMI, physical activity, blood glucose and all other measures (except total caloric intake) were available for all four waves of data collection. Blood glucose was measured from venous blood collected after a skipped breakfast, using an LX20 analyser by an oxygen rate method (Beckman-Coulter, Fullerton, CA, USA). Two outlier values (> 16 mmol/L) were removed.
Body weight, height, and weekly average number of hours and minutes engaged in mild (e.g. walking, weeding), moderate (e.g. dancing, cycling) and vigorous (e.g. running, squash) physical activity were provided by self-report. BMI was computed with the formula weight (kg)/height x height (m 2 ) based on self-reported weight and height. Because a BMI of 0 is impossible, BMI was centred on the boundary between underweight and normal weight (18.5) . Metabolic Equivalents (METs) is a measure that encapsulates the vigorousness and duration of physical activity into a single measure relative to a resting metabolic rate, expressed here as total METs expended during physical activity per week (henceforth METs) [28, 29] . METs were calculated from self-report of hours per week spent engaging in physical activity with the formula (hours mild intensity physical activity×3)+(hours moderate intensity physical activity×6)+(hours vigorous intensity physical activity×9) [28, 29] , a ratio reflecting Jette et al., exploration of METs at varying degrees of physical activity [30] . To account for zero-bounding and extreme positive skew, METs were split into quartiles [0, 16.5] Gender, age, years of education, smoking status and depression [31] , were assessed by self-report. Age effects were separated into cohort (age group) and time (age -age at baseline) effects. The log of depression was taken to correct for skewness. Participants were considered hypertensive based on medication use, or two seated blood pressure measures exceeding 140/90 mmHg [32] . Total caloric intake at baseline was measured using the CSIRO Food Frequency Questionnaire [33] , and converted to z scores. As in Walsh et al. [34] , individuals were categorised into three diabetic groups depending on two or more blood glucose measures and selfreport; type 2 diabetes (T2D; > 7 mmol/L, or self-reported diabetes diagnosis), impaired fasting glucose (IFG; also known as prediabetes [35] , 5.6-6.9 mmol/L and not T2D) and normal fasting glucose (NFG; < 5.6 and not IFG or T2D).
Statistical analysis
A series of multi-level models examined cross-sectional associations between BMI, METs and blood glucose levels across the full glycaemic range, and whether longitudinal within-subject changes in either METs or blood glucose levels were associated with changes in BMI over time. Analyses were carried out in R v 3.2.0, using the lme4 package [36] . Fixed effect significance was ascertained via 95% confidence intervals, and random effect significance via χ 2 model comparison tests for random effects. Pseudo-R 2 was calculated using the MuMIn R package [37] . All models adjusted for cohort (40s or 60s), time (time in study, years from baseline), gender, education, depression, smoking, hypertension, energy intake, and diabetes status. Alpha was set at 0.05.
Results
Participant characteristics can be seen in table 1. The association between blood glucose, METs and BMI are summarised in figure 1. The distributions of glucose, BMI and METs were similar across cohorts (supplementary figure 1) . Interaction terms were used to clarify whether cohorts should be analysed separately or in the same model (supplementary  table 1 ). The lack of significant interaction terms between cohort and glucose, or cohort and METs in predicting BMI indicated that analysis could proceed with combined cohorts to maximise power.
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Fixed effects
Mixed effects models are presented in 
Sensitivity analysis
The significant association between glucose and BMI held even when individuals with T2D were excluded from analysis (b = 0.59, 95% CI [0.23, 0.79]). This step removed possible blood glucose outliers (as extremal values of blood glucose were limited to T2D diagnoses; see supplementary figures 2 and 3), indicating the primary association was not driven by outliers. Models were re-run with a random intercept only (supplementary table 2). While the magnitude and significance of fixed effects for glucose remained largely unaffected, some fixed effects for METs reached significance, notably a significant interaction between METs and glucose indicating that, compared with the most sedentary group, individual in the (16.5,33] METs group experienced significantly less weight gain associated with glucose (glucose b = 0.53, 95% CI (0.11, 0.47); interaction b = -0.41 95% CI (-0.72, -0.10), therefore each unit of glucose was only associated with an increase in BMI of 0.12, rather than 0.53, in this group). A random effect for METs (as a continuous variable due to model convergence problems with quartiles) was not significant (χ 2 = 2.7, p = 0.09), indicating the impact of METs on BMI did not significantly vary within individuals over time. Self-report and pharmaceutical benefits scheme data search for medication corresponding to ATC code A10A (Insulin's and analogues) indicated no participants in the current sample were on insulin therapy, thus associations between BMI and T2D were not due to weight gain from insulin treatment of diabetes.
Discussion
This study explored the longitudinal association between physical activity and blood glucose and body weight in a sample 
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of middle-aged and elderly adults, spanning the full range of blood glucose, physical activity, and body weight found in a non-clinical population over twelve years of measurement. Our key finding was that higher blood glucose was associated with higher BMI. This remained significant even when individuals with T2D were excluded from analysis. Physical exercise was associated with significantly less weight gain, with those who engaged in physical activity that expended 57 or more METs per week experiencing approximately 1.08 fewer units of BMI gain over the course of the study. This is builds on metaanalyses finding that physical exercise is inversely associated with T2D incidence risk, and that this effect is partially mediated by adiposity [38] , by demonstrating this pattern extends to effects in blood glucose before the T2D range.
Higher blood glucose was significantly associated with higher body weight; every 1 mmol/L of glucose was associated with 0.33 units higher BMI (0.59 if individuals with T2D were excluded from analysis). This further emphasises that high blood glucose in the sub-clinical range can be associated with adverse health outcomes [19] [20] [21] . Importantly, this association varied substantially across individuals. Not only did the intercept for BMI vary by up to 18 units across individuals, but the magnitude of the association between glucose and BMI varied by half a unit of BMI. This impacted the group-level association between blood glucose and physical activity; the most physically active participants appeared to experience 0.12 (rather than 0.53 in the least physically active) units increase in BMI associated with each 1 mmol/L higher blood glucose, though this effect lost significance once blood glucose was allowed to randomly vary within individuals. While broadly aligned with the wider literature on the benefits of physical activity for managing blood glucose levels [13] [14] [15] , this indicates that individual-rather than group-level processes underlie the longitudinal association between blood glucose and body weight. Further research should pursue the possibility of a random slope interaction between blood glucose and physical activity, possibly using purposive sampling to maximise variability in both physical activity and blood glucose levels to improve the likelihood of model convergence.
The second and fourth METs quartiles (16.5-33 and 57>) were associated with significantly less weight gain over time, though the third quartile (33-57) was not, a perplexing pattern similar to findings elsewhere of a positive association between visceral adipose tissue and moderate (but not light or vigorous) physical activity [26] . This may be due to different pathways between comparatively light and vigorous physical exercise. More METs can be achieved in less time by increased intensity of physical activity, hence mild physical activity can be particularly protective by displacing time spent being sedentary [11, 12, 39] . Alternatively, some types of physical activity which are inherently vigorous, such as running, are particularly associated with effective weight loss [39] .
This study has some limitations and some significant strengths. The major strength was the longitudinal sampling of narrow middle and older age bands, and inclusion of nonclinical body weight and blood glucose levels. The primary limitation was the use of self-report. Although reported overweight and obesity was close to national averages [40] , over three quarters of the current sample met or surpassed WHO guidelines for physical activity, far more than would be expected from national physical activity estimates [2, 9] . This could reflect a genuinely active sample, as recent surveys indicate Canberra is the most physically active city in Australia [41] , or more likely be due to well-documented over-reporting bias of physical activity [10] . Regardless, this may have contributed to the lack of a cross-sectional significant association between physical activity and body weight, widely reported elsewhere [10] [11] [12] . However, the use of quartiles preserves the relative amount of exercise undertaken within the sample, and was sufficiently sensitive to reveal a longitudinal protective effect.
Conclusion
This study was the first exploration of how physical activity and blood glucose are simultaneously longitudinally associated with body weight in a non-clinical sample of middle-aged and elderly adults. We conclude that the effects of physical activity are seen most clearly in terms of weight change over time that blood glucose is associated with body weight even before diabetes sets in, and that longitudinal within-subject variation in blood glucose over time is particularly important. This has implications for public health and prevention strategies targeting obesity, as it indicates that relationships between blood glucose, physical activity and body weight characterised in T2D diagnosis can be found in sub-clinical populations.
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